This paper reviews a selected number of tracer gas techniques which are suitable for use in ventilation studies and indoor air quality investigations in multi-storey office and residential buildings. Emphasis is placed on those techniques which have been successfully used by IRC researchers for such applications. Examples of using these techniques in field measurements are discussed.
Introduction
ASHRAE Standard 62-1989 'Ventilation for Acceptable Indoor Air Quality' [1] ] states that 'acceptable indoor air quality is achieved by providing ventilation air of specified quality and quantity to the space'. For most buildings, the quality and quantity of ventilation air can be determined by measuring the minimum ventilation rate, air distribution patterns, contaminant flow patterns, and re-entrainment of exhaust air. Tracer gas techniques using a single tracer gas are used for such measurements. For buildings with complex floor plans, some areas may be overventilated and others inadequately ventilated, even though the total ventilation (outdoor air supply) rate is adequate. To ensure that every area (or room) receives the required amount of ventilation air, it may be necessary to measure the outdoor air supply rate to a particular room or zone of a building. Multiple tracer gas techniques may be used for such measurements.
Single Tracer Gas Techniques
Minimum Ventilation Rate Ventilation air comes from two sources -outdoor air supplied directly by HVAC systems and air infiltration through cracks and unintentional openings in the building envelope [2, 3] . As air infiltration is weather dependent, the minimum ventilation rate occurs when the weather is warm, calm, and the outdoor air dampers are set at their minimum positions. A building's air change rate measured under these conditions is equal to its minimum ventilation rate.
As an example, tracer gas tests were conducted to measure the minimum ventilation rate of a fully air-conditioned 8-storey office/library building in which the first 4 floors contain offices and the remaining 4 
Air distribution
For assessing air distribution within the above building, a small amount of SF6 was injected into the main supply duct of HVAC system 9 (or the main supply duct of another system) to create a point source. The amount of tracer gas injected was similar to that used for air change measurements. Immediately following injection, tracer gas sampling began and continued at 10-min intervals at the main return ducts on each floor, at eight locations on the 1 st and 2nd floors, and at four locations on each of the 3rd-6th floors. Both the automated and manual sampling systems described above were used. The tracer gas concentrations of each sampling location were then plotted against time. Figure 3 shows a typical example of such a plot, in which the concentrations at all sampling locations reached a single level in approximately 80 min [2, 3] . This time can be used to assess the performance of the air distribution systems.
In the absence of a formal guideline or standard and experimental data from similar buildings, a less rigorous criterion was used to assess the air distribution of this building. As indicated in figure 3, tracer gas levels throughout the particular HVAC system zone were nearly equal within 30 min, which is less than the 60 min typically allowed for achieving adequate mixing when conducting air change rate measurements in buildings with the tracer gas decay method. This suggests that the air distribution system of this building performed as well as those in other buildings where tracer gas decay tests have been conducted.
Re-Entrainment of Exhaust Air
To determine whether exhaust air re-enters this building, a small amount of SF6 was injected into an exhaust system, and samples were then taken at the outdoor air intake of each HVAC system using the syringe/test-tube technique. All exhaust systems of the building were checked, and the measured tracer gas concentrations were near 0, indicating that minimal re-entry of exhaust air had occurred [2, 3] .
Air Change Efficiency and Ventilation Efficiency Recently, air change efficiency and ventilation efficiency have been used to assess the performance of a ventilation system. The air change efficiency is a measure of how quickly the air in a space is replaced. European researchers [4, 5] define the air change efficiency as the ratio between the nominal time constant and the air exchange time for the room (the air exchange time for all the air in the room is equal to twice the room mean age of air). The ventilation efficiency is defined as the ratio between the steady-state concentration of contamination at the exhaust duct and the steady-state mean concentration of the room [4, 6] . Both [7] . Thus, further work is needed before these efficiency measures can be used in routine ventilation and indoor air quality investigations.
Contaminant Flow Patterns
Odours are a common problem in high-rise apartments. As an example, tracer gas decay tests were conducted to determine how a contaminant dispersed from the ground floor garbage room to other areas within a 5-storey apartment building [8] . This building has a base- Fig. 3 fig. 4 ). The measured tracer gas concentrations at each sampling location were plotted against time to indicate the magnitude and rate at which it dispersed to other locations. [10, 11 ] .
The application of the method is not straightforward [ 12] . To illustrate some of the problems, consider the simplest case, e.g., two interconnected rooms (rooms 1 and 2) where the airflows between the two rooms are controlled and measured ( fig. 7) . If a tracer gas, g, is injected into room 1 and another tracer gas, s, is released in room 2, the rates of change in tracer gas concentrations in the two rooms can be described by the following equations, assuming that the tracer gas concentrations outside the rooms are negligible:
The mass flow balance equations for the two rooms are: where V = room volume, C = tracer gas concentration, t = time, F = airflow rate, and Q = tracer gas release rate.
The subscripts 0, 1 
